Abstract

21
We examined fault models of the Tohoku strike-slip intraslab earthquake (Mw 22 7.0) on 10 July 2011 using near-field tsunami data. After constraining the strike and 23 location of the fault from tsunami source distribution, we investigated fault models 24 assuming simple rupture of one fault, and simultaneous rupture of two conjugate faults. 25 The estimated single fault reached >30 km down into the slab from the plate interface, 26 suggesting bending stress enhancement after the 2011 Tohoku-Oki earthquake, but the 27 depth extent was inconsistent with the aftershock activity. The model involving 28 conjugate faults extended ~20 km below the slab surface, and was more consistent 29 with the aftershocks. We concluded that it is more plausible that this earthquake 30 involved two conjugate strike-slip faults, and the enhancement of the down-dip 31 extensional stress after Tohoku-Oki earthquake was not large enough to allow rupture 32 to propagate deeply into the slab beneath the landward slope of the Japan Trench. 
Introduction
48
The 2011 Mw 9.0 Tohoku-Oki earthquake ruptured a length of about 500 km 49 along the Japan Trench [e.g., Ide et al., 2011; Ozawa et al., 2011; Iinuma et al., 2012] . 50 After this earthquake, many shallow (< ~20 km) normal-faulting aftershocks occurred 51 in the up-dip portion of the subducting slab along the Japan Trench, activated by a 52 tensional stress change associated with the Tohoku-Oki earthquake [e.g., Asano et al., 53 2011; Hasegawa et al., 2012; Suzuki et al., 2012] . Before the 2011 Tohoku-Oki 54 earthquake, the down-dip tensile stress field beneath the surface of the Pacific Plate 55 near the trench and in the outer-rise region was estimated to flip to the down-dip 56 compression field ~15 km below the slab surface [Gamage et al., 2009; Koga et al., 57 2012] (Figure 1 ). After the Tohoku-Oki earthquake, the stress regime at the depth of 58 around 40 km in the outer-rise region changed from compression to tension [Obana et 59 al., 2012] . At the deep edge of the large coseismic slip area of the mainshock, Ohta et 60 al. [2011] suggested that the stress-neutral plane of the double-plane deep seismic zone 61 [Hasegawa et al., 1978] was deepened by the stress change related to the Tohoku-Oki 62 earthquake, based on the result of the coseismic fault model of the April 2011 63 Fukushima earthquake (M 7.1). However, the post-Tohoku-Oki-earthquake stress state 64 beneath the plate surface in the inner trench area, especially around the extremely large 65 (>50 m) coseismic slip area of the 2011 Tohoku-Oki earthquake, is still unclear.
66
On 10 July 2011, an Mw 7.0 intraslab earthquake with a focal depth of 17.5 km 67 occurred ~50 km east of the epicenter of the Tohoku-Oki earthquake, close to the large 68 coseismic slip area. The earthquake had a strike-slip focal mechanism with the T-axis 69 in the down-dip direction (Global CMT, http://www.globalcmt.org) ( (Figures 1 and 2 ). The use of such near-field OBPR data will be helpful 85 to estimate the source models and reveal the source processes of the offshore 86 earthquakes, which are difficult to investigate using only onshore data (e.g., GPS, 
Data
95
The OBPRs, which measure high-frequency quartz oscillations associated with 96 both pressure and temperature, are identical to those used in the study of the crustal 97 deformation associated with the Tohoku-Oki earthquake [Hino et al., 2014] Figure S1 ). We adopted 10 mHz as an appropriate cutoff frequency for the present 107 OBPR waveforms. The maximum amplitudes of the tsunami reached about 7 cm, and 108 static seafloor vertical deformation of about 3 cm was also recorded at the nearest (~30 calculated by solving the linear dispersive tsunami equation using a finite difference 117 approximation in local Cartesian coordinates [e.g., Saito et al., 2010; Saito et al., 2014] .
118
In the calculation, the water height anomaly was transformed to bottom pressure, 119 assuming that 1 cm of water height is equivalent to 1 hPa of bottom pressure. The 120 spatial grid interval and time step interval of the calculation were 2 km and 1 s, Figure S2 ). The same low-pass filter that was applied to 129 the observed records was also applied to the Green's functions. In the inversion, we 130 calculated waveform residuals in a time window of 20 minutes from the origin time 131 (white back ground area in Figure 2 ). We applied a smoothing constraint in the 132 inversion by adjusting its weight based on inspecting the trade-off relationship 133 between the weight and RMS misfit ( Figure S3 ).
134
The obtained initial sea surface height distribution is shown in Figure 1 . The 135 diameter of the major uplift zone was about 50 km, and the peak uplift and subsidence 136 were 4.9 cm and 3.9 cm, respectively. The spatial pattern of the seafloor deformation 
Fault Modeling with Grid-search Methods
144
We sought an optimum finite fault with uniform slip of the strike-slip earthquake 145 using a grid-search method. We assumed that the location and strike of the fault were Table S1 .
170
The results are shown in Table 1 (L = L2 -L1, Figure S4 ) to the width (W = W1 -W2, Figure S4 ) are less than one in 182 most of the solutions (i.e., the fault width is greater than the length), as shown in Figure   183 3e. According to the empirical scaling relationship reported by Wells and Coppersmith
184
[1994], a common M 7 class strike-slip earthquake has a fault width of ~15 km and an L/W ratio of ~4. Our solution differs significantly from the standard picture, and a 186 similar discrepancy is also seen in the NS fault model ( Figure S5 ). The fault parameters obtained from the conjugate model are shown in Table 1 . paper were prepared using Generic Mapping Tools (GMT) [Wessel and Smith, 1998 ].
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Text S1 Figures S1 to S6 Table S1 Introduction Text S1 is the description of the assignment of the unit source used in the tsunami waveform inversion. Figure S1 shows the comparisons of the low-pass filtered waveform that was used to determine the optimum cutoff. A schematic illustration of assignment of the unit source used in the tsunami waveform inversion is shown in Figure S2 . The trade-off relationship used to determine the smoothing weight in the tsunami source inversion is shown in Figure S3 . A schematic of the unknown parameters in the grid search is shown in Figure S4 . The result of the grid-search assuming a fault striking NW-SE (NS model) is shown in Figure S5 . Figure S6 is the result of the grid-search assuming uneven Mo between two fault planes. Table S1 shows the search range for the unknown parameters in the grid-search analysis.
Text S1.
In the tsunami waveform calculation, we used the pyramid-like-shaped unit source expressed by the following form:
where η0(x, y) denotes the displacement of each unit source at the grid point (x, y) and (x0, y0) is the center of the unit source. The schematic illustration of the unit source is shown in Figure S3 . Each unit source has the size of 20 km × 20 km, and is distributed with an interval of 10 km.
x 0 −10 < x < x 0 +10(km) y 0 −10 < y < y 0 +10(km) Figure S1 . Comparison of low-pass filtered waveforms with several cutoff periods, de-tided waveform (light gray), and 60 s moving averaged waveform (dark gray). Cutoff parameters for the filter [Saito, 1978] were as = 5.0 and ap = 0.5, and as shown in upper right legend. In the analysis, cutoff parameters of Tp = 100 s and Ts = 20 were used (red lines). Table S1 . The total width W and depth of the fault is constrained to be equal.
